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Octaethoxytrisiloxane,  (Et0)3Si-0-Si(0Et)2-0-Si(0Et)3,  was  synthesized 
and  then  polymerized  in  water/alcohol  solution  in  the  presence  of  an 
acid  catalyst.  The  reaction  was  monitored  with  29Si-NMR.  The  rate 
constants  of  linear  and  cyclic  condensation  were  estimated  by  curve¬ 
fitting  and  were  compared. 


No  evidence  of  depolymerization  was  found,  indicating  that  condensation 
is  irreversible  in  our  conditions.  In  addition,  it  was  found  that  the 
formation  of  trimeric  cyclic  species  by  ring  closure  is  fast  and  competes 
effectively  with  chain  extension  condensation.  These  observations  are 
consistent  with  previous  suggestions,  but  in  addition  they  provide  a 
quantitative  measure  of  selectivity  that  is  much  needed.  Quantitative 
kinetic  models  for  silicon  alkoxide  sol-gel  processes  need  to  account  for 
cyclization  at  very  early  stages  of  the  polymerization. 
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to  whom  correspondence  should  be  addressed 


1.  Introduction 


The  polymerization  of  alkoxides  in  alcohol/water  solutions  is  a  promising 
route  to  the  synthesis  of  advanced  ceramics  [  1 J.  In  principle,  tailoring 
the  structure  and  properties  of  the  product  can  be  achieved  by 
controlling  the  reaction  kinetics.  However,  the  large  number  of  possible 
reaction  pathways  has  been  a  major  obstacle  to  the  development  of 
quantitative  models  for  sol-gel  processes.  Moreover,  most  studies  of  sol- 
gel  reactions  have  provided  only  qualitative  understanding. 

Silicon  alkoxides  constitute  the  most  studied  type  of  sol-gel  systems.  The 
reactions  involved  in  the  polymerization  of  silicon  alkoxides  are  (i)  the 
hydrolysis  of  alkoxide  groups  to  form  silanol  groups  and  (ii)  the 
condensation  of  the  silanol  groups  to  yield  siloxane  bonds  which 
constitute  the  backbone  of  the  polymer.  Attempts  have  been  made  to 
use  29Si-NMR  to  measure  the  kinetics  of  the  polymerization  of  Si(OEt>4 
(TEOS)  [2,3],  Si(OMe)4  (TMOS)  [3]  and  even  (Me0)3Si-0-Si(0Me)3  [4], 
which  is  one  of  the  dimeric  intermediates  formed  during  the 
polymerization  of  TMOS. 

It  has  been  shown  that  in  acidic  conditions  hydrolysis  is  reversible[5] 
and  fast.  Much  less  is  known  about  condensation.  Based  on  the  very  low 
solubility  of  amorphous  silica  in  acidic  alcoholic  solutions  [6],  it  is 
generally  assumed  that  condensation  is  irreversible  in  acidic  conditions  - 
thereby  greatly  simplifying  kinetics  models.  This  seems  to  be  confirmed 
by  some  studies  [7]. 

An  area  of  controversy  concerns  the  importance  of  intramolecular 
reactions,  also  known  as  ring  closure  or  cyclization.  Most  polymerization 
models  do  not  consider  cyclization  because  it  is  extremely  difficult  to 
account  for.  Besides,  intramolecular  reactions  are  often  negligible  in 
organic  polymerization  [8].  However,  it  has  been  shown  that  cyclic 
intermediates  are  formed  during  the  polymerization  of  TEOS  and  TMOS 
in  acidic  conditions  [9].  Cyclization  seems  to  be  more  prevalent  in  TEOS 
than  in  TMOS  systems  [3].  Indeed,  the  failure  of  quantitative  kinetic 
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models  for  sol-gel  polymerization  has  been  explained  by  cyclization 
effects  in  these  systems  [  10]. 

To  estimate  the  relative  rate  of  formation  of  small  rings  versus  chain 
extension,  we  used  29Si-NMR  to  study  the  kinetics  of  polymerization  of 
octaethoxytrisiloxane,  (Et0])3Si-0-Si(0Et)2-0-Si(0Et)3,  a  trimeric  oligomer 
that  appears  as  intermediate  in  the  sol-gel  polymerization  of  TEOS.  This 
molecule  is  the  smallest  oligomer  that  can  undergo  chain  extension  and 
ring  closure;  it  thus  provides  us  the  opportunity  to  unambiguously 
measure  the  selectivity  of  intra-  versus  intermolecular  polymerization 
rates. 


2.  Experimental  Procedures 
2.1  Synthesis  of  octaethoxytrisiloxane 

Octaethoxytrisiloxane  was  synthesized  by  adapting  a  procedure 
described  by  Dougthy  et  al.  [4].  Octachlorotrisiloxane  (97%,  Hiils  America) 
was  slowly  added  to  a  solution  of  ethylorthoformate  (Aldrich)  in 
heptane.  The  reaction,  carried  out  in  an  inert  atmosphere  and  monitored 
by  gas  chromatography,  was  carried  out  at  60°C  for  two  hours. 
Octaethoxytrisiloxane  was  isolated  and  purified  by  vacuum  distillation. 
Remaining  traces  of  HC1  formed  during  the  reaction  were  removed  by 
degassing  with  dry  nitrogen.  A  final  purification  was  done  with  an 
alumina  packed  chromatography  column.  The  product  was  identified  by 
29Si-NMR  as  octaethoxytrisiloxane  (Figure  1)  with  a  purity  greater  than 
96%  from  gas  chromatography. 


2.2  Kinetic  Measurements 

In  a  10  mm  NMR  tube,  2  ml  of  octaethoxytrisiloxane  were  mixed  with  2 
ml  1  wt.%.  Cr(acac)3  (paramagnetic  relaxant  agent)  in  absolute  ethanol, 
300pl  deionized  H2O  and  23  pi  of  a  calibrated  0.095  N  HC1  solution.  The 
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composition  of  the  resultant  solution  was  thus:  0.97  M 
octaethoxytrisiIoxane/7.94  M  EtOH/4.15  M  H2O/5.04  10*4  M  HC1. 

The  reaction  was  monitored  at  25 °C  with  29si-NMR.  Each  spectrum  was 
acquired  with  32  scans  at  99.36  MHz  and  with  a  pulse  delay  of  12  s. 


3.  Results  and  Discussion 

Figure  2  shows  the  sequence  of  29  Si-NMR  spectra  recorded  during  the 
reaction.  The  NMR  spectra  show  peaks  assigned  to  silanol  groups  formed 
by  hydrolysis,  and  peaks  attributed  to  silicon  sites  in  cyclic  trisiloxanes 
[9],  The  concentrations  of  silicon  end  (Qi),  middle  (Q2)  and  cyclic  units 
(Qc)  are  plotted  in  Figure  3.  The  lack  of  silicon  units  with  three  siloxane 
bonds  (branching  units  Q3)  in  the  8-hour  period  studied  shows  that 
branching  condensation  is  very  slow  for  the  cycles  and  chains  produced. 
In  particular,  the  middle  unit  of  the  trimeric  precursor  is  much  less 
reactive  than  its  end  units. 

No  depolymerization  of  the  trimer  occurs  as  evidenced  by  the  lack  of 
smaller  fragments  such  as  monomeric  units  (Qo).  This  is  confirmed  by 
size  exclusion  chromatography  (Figure  4).  It  appears  then  that  in  these 
conditions,  condensation  is  virtually  irreversible  and  the  polymeric 
intermediates  cannot  undergo  rearrangement;  these  data  are  thus  akin 
to  a  polyfunctional  organic  polymerization  [6]. 

Since  only  the  end  units  react  during  the  period  studied,  the  overall 
extent  of  polymerization  is  given  by 


In  addition,  three  cyclic  units  appear  each  time  two  end  units  disappear 
when  a  trimeric  cycle  is  formed.  Neglecting  the  formation  of  larger 
cycles,  the  extent  of  ring  closure  is 
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Finally,  the  extent  of  chain  extension  polymerization  is 

(3)  a  =  £-a 

a  and  a  are  plotted  in  Figure  5.  It  can  be  seen  that  during  the  first  two 
hours  of  the  reaction,  chain  extension  is  predominant.  During  this  period, 
the  polymers  grow  rapidly.  However,  ring  closure  then  becomes  the 
most  important  reaction,  and  polymer  growth  slows.  A  possible 
explanation  for  this  behavior  is  that  since  the  number  of  chains  in  the 
system  decreases  during  polymerization,  the  probability  for  a  reactive 
group  to  react  intermolecularly  diminishes  as  it  becomes  increasingly 
difficult  for  an  end  unit  to  find  an  outside  reaction  partner  as  the 
reaction  proceeds.  This  increased  competition  of  cyclization  and  the  very 
slow  rate  of  branching  can  explain  the  remarkably  long  gel  time  (on  the 
order  of  two  months  at  room  temperature)  of  this  system,  and  perhaps 
the  observation  of  exceedingly  high  conversion  at  the  gel  point  [9], 

To  quantitatively  assess  the  ring-chain  competition,  the  following  simple 
kinetic  equation  is  written 

(4)  ^  =  -2WQ,]>-WQ,] 

where  k«  and  kc  are  rate  constants  for  inter-  and  intramolecular 
condensation  of  the  end  units. 


The  Si  end  sites  may  actually  carry  from  0  to  3  -OH  groups  and  a  great 
number  of  reactions  involving  molecules  with  various  numbers  of  silanol 
groups  are  possible.  Since  the  rate  of  hydrolysis  is  much  faster  than  the 
rate  of  condensation,  to  simplify  the  analytical  treatment  the  rate 
constants  ka  and  k<j  are  averaged  over  the  extent  of  hydrolysis  on  the  Si 
groups.  Though  we  expect  these  apparent  rate  constants  to  depend  on 
the  amount  of  water  and  the  catalyst  concentration,  the  relative  values 
of  ka  and  k0  should  not  be  affected  and  they  will  be  a  good  measure  of 
the  ring-chain  competition.  The  rate  constants  should  also  be  affected  by 


the  initial  precursor  concentration,  as  intramolecular  reactions  are  more 
probable  in  dilute  systems. 

The  solution  of  (4)  is 
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form  rings  [11]. 


is  a  dimensionless  number  describing  the  tendency  to 


A  curve-fitting  of  versus  time  (shown  in  Figure  6)  gives: 

ka  =  0.027  molWh*1!  4% 
kc=  0.112  h1  ±  9% 

where  mol  refers  to  moles  of  silicon  end  units  (Qi ),  and 
X.  =  2.14 

This  remarkably  high  value  of  X  indicates  that  octaethoxytrisiloxane  has 
a  strong  tendency  to  form  small  cycles. 


4.  Conclusion 

The  study  of  the  sol-gel  polymerization  of  octaethoxytrisiloxane  in  acidic 
ethanol/water  solution  has  shown  that  in  our  conditions,  polymerization 
is  irreversible.  In  addition,  ring  closure  condensation  (cyclization)  is 
relatively  fast  and  actively  competes  with  chain  extension  condensation. 
The  rapid  formation  of  small  rings  during  silicon  alkoxide  sol-gel 
polymerization  should  considerably  affect  the  gel  characteristics,  since 
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intramolecular  reactions  "waste"  bonds  from  the  point  of  view  of 
polymer  growth.  Moreover,  these  small  cycles  branch  very  slowly  and 
their  formation  slows  down  the  gelation.  It  is  thus  important  to  consider 
cyclization  effects  in  any  attempt  to  develop  a  realistic  quantitative 
model  of  silica  sol-gel  polymerization. 
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Figure  Captions 

Figure  1.  29Si-NMR  spectrum  of  synthesized  octaethoxysilane. 


pigure  2.  29S‘  NMR  for  the  polymerization  of  octaethoxytrisiloxane. 
The  first  ^ectrum  was  recorded  after  25  minutes  of  reaction  and  the 
following  spectra  were  acquired  every  15  minutes,  up  to  eight  hours 
of  reaction. 


Figure  3.  Concentrations  of  silicon  end  units  (Qi),  middle  units  (Ch) 
and  trimeric  cyclic  units  (Qc). 

Figure  4.  Size  exclusion  chromatograph  after  6  hours  of  reaction  with 
proposed  peak  assignements.  The  elution  solvent  was 
tetrahydrofuran.  Note  the  peak  inversion  from  trimer  to  hexamer. 


Figure  5.  Plot  of  the  extent  of  cylization  (o)  and  chain  extension 
condensation  (a  ). 


Figure  6.  Plot  of 


and  curve-fitting  for  the  determination  of  the 


rate  constants. 
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